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Abstract
Scanning probe microscopy was used to investigate the tribological properties of nanoscale tips in contact
with a Pt(111) single-crystal surface under ultrahigh vacuum conditions. The tips were coated with a tungsten
carbide film, which contained a significant fraction of oxygen. The electrically conductive tip made it possible
to alternate between contact measurements and noncontact scanning tunneling microscopy. Several types of
interfaces were found depending on the chemical state of the surfaces. The first type is characterized by strong
irreversible adhesion followed by material transfer between tip and sample. Low adhesion and no material
transfer characterize a second type of contact, which are associated with the presence of passivating adsorbates
in both (full passivation) or in one of the two contacting surfaces (half-passivation). Half-passivated contacts
in which the clean side is the Pt(111) sample gave rise to periodic stick-slip friction behavior with a period
equal to the atomic lattice constant of the Pt(111) surface. Local electrical conductivity measurements show a
clear correlation between electronic and friction properties, with ohmic behavior on clean regions of the Pt
surface and semiconductor-like behavior on areas covered with adsorbates. © 2004 American Institute of
Physics.
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Scanning probe microscopy was used to investigate the tribological properties of nanoscale tips in
contact with a Pt~111! single-crystal surface under ultrahigh vacuum conditions. The tips were
coated with a tungsten carbide film, which contained a significant fraction of oxygen. The
electrically conductive tip made it possible to alternate between contact measurements and
noncontact scanning tunneling microscopy. Several types of interfaces were found depending on the
chemical state of the surfaces. The first type is characterized by strong irreversible adhesion
followed by material transfer between tip and sample. Low adhesion and no material transfer
characterize a second type of contact, which are associated with the presence of passivating
adsorbates in both ~full passivation! or in one of the two contacting surfaces ~half-passivation!.
Half-passivated contacts in which the clean side is the Pt~111! sample gave rise to periodic stick-slip
friction behavior with a period equal to the atomic lattice constant of the Pt~111! surface. Local
electrical conductivity measurements show a clear correlation between electronic and friction
properties, with ohmic behavior on clean regions of the Pt surface and semiconductor-like behavior
on areas covered with adsorbates. © 2004 American Institute of Physics.
@DOI: 10.1063/1.1738536#
I. INTRODUCTION
The presence of even minute amounts of adsorbates on
the surfaces of contacting bodies can have a striking influ-
ence on their tribological properties. Strong adhesion, char-
acteristic of chemically active surfaces, can lead to rupture of
the contact by failure within the bulk of the bodies, which
often results in material transferred from one to the other, or
left as debris in or near the contact zone. This material,
sometimes referred to as ‘‘the third body’’ or a ‘‘transfer
film,’’ depending on the extent to which it remains bonded to
one of the surfaces, influences the transient behavior of the
sliding contact and can completely dominate the steady-state
sliding behavior of many interfaces, especially for low-
friction coatings.1,2 Even at the monolayer level, adsorbates
can have a dramatic effect by reducing ~as in the case of
lubricants!3,4 or sometimes enhancing friction.5
The role of adsorbates and the generation of third bodies
from ruptured chemical bonds at small scales is clearly wor-
thy of experimental study, especially with atomic force mi-
croscopy ~AFM! techniques, which have already provided
fundamental insights into many aspects of friction and
adhesion.6 While there have been many nanometer scale
studies of friction in the elastic, wearless low-load regime,
relatively few studies on that scale deal with the wear re-
gime. Wear due to transfer of atoms has been observed by
Park et al.7 for calcite crystals in solution, by Kopta et al. for
muscovite mica in air,8 by Gnecco et al. for KBr in UHV,9
and by Helt et al. for muscovite mica in solution.10 These
studies found that atomic scale wear can result from the en-
hanced chemical activity of the surface due to lowering of
the activation barrier for reaction by the applied load as well
as by electrochemical potentials.
On chemically active and highly adhesive substrates
wear results in significant amounts of material being de-
tached from one of the surfaces. In both cases, third bodies
that can influence the friction behavior are generated. Qian
et al.11 showed reproducible transient behavior in the friction
properties for AFM tips scanning in contact with various
surfaces, with several tens of scans being required before
friction became reproducible. They proposed that the phe-
nomenon is due to transfer of material between the tip and
sample and observed that the mechanism of transfer depends
on the relative humidity, applied load, and the material being
scanned. Similarly, Carpick et al.12 observed that the fric-
tional shear strength and interfacial adhesion energy of a
Pt/muscovite mica interface in ultrahigh vacuum progres-
sively decreased with each scan, but recovered if the tip was
‘‘cleaned’’ by blunting it to expose fresh Pt. The authors
a! Author to whom correspondence should be addressed; electronic mail:
salmeron@stm.lbl.gov
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suggested that potassium atoms transferred from the mica
surface to the tip could explain the observed progressive re-
duction of adhesion and friction. Drummond et al.13 per-
formed experiments in which WS2 nanoparticles suspended
in tetradecane fluid were compressed and sheared between
the two mica sheets of the surface forces apparatus. They
found that the particles formed a transfer film of nanometer-
scale thickness on the mica that reduced friction appreciably.
These results highlight the complex but important role such
behavior plays in friction processes at the nanometer scale,
and demonstrate the need for further study in this nascent
area.
In this article, we discuss the behavior of a single asper-
ity interface composed of a Pt~111! sample and a carbide-
coated AFM tip using a combination of UHV AFM and scan-
ning tunneling microscopy ~STM! techniques. Since both the
Pt sample and the carbide tip are conductive, we were able to
measure the local electrical conductance of the contact and
the friction force simultaneously.14,15 In addition, the con-
ducting tip allows STM operation, whereby high-resolution
noncontact images of the sample can be obtained before and
after the contact experiments.
II. EXPERIMENT
The experiments were performed in a UHV chamber
~base pressure 7310211 Torr), equipped with a home-built
AFM16 controlled by RHK electronics ~RHK Technology,
Troy, MI!, low-energy electron diffraction ~LEED!, Auger
electron spectroscopy ~AES!, differentially pumped ion sput-
tering, and sample cooling and annealing capabilities.
The Pt~111! single-crystal sample was cleaned by sput-
tering with Ar1 ions of 1 keV energy, both in hot conditions
(600 °C) and at room temperature, for 10–20 min. After
sputtering, O2 was introduced in the chamber at 1026 Torr
for ;3 min while the sample temperature was kept at
600 °C. Finally, the sample was flashed in vacuum to
950– 1000 °C for ;1 min. The AES pattern taken after this
procedure indicated a clean Pt~111! surface. A sharp (1
31) LEED pattern was also observed.
Commercial triangular silicon cantilevers with integrated
tips, coated with approximately 20 nm of tungsten carbide16
were used for all measurements. The cantilevers were char-
acterized by scanning electron microscopy in order to deter-
mine tip and lever dimensions, and also by AES to determine
FIG. 1. ~a! Force–displacement curve for a tungsten carbide tip in contact
with a clean Pt~111! sample. The plot is shown for the retracting portion
only. The load appears to increase when retraction starts, even though the
tip–sample separation is increasing. This is due to the strong adhesion of the
tip to the surface, which prevents sliding. Consequently, the tip pivots about
the contact point. After that, the load decreases down to the pull-off point, as
is usual in force–displacement curves. The deformations of the cantilever
giving rise to this behavior are illustrated in Fig. 2. ~b! A force–
displacement plot for the same lever, but taken over a passivated area of the
Pt~111! sample. The adhesion force is much lower, and the unusual behavior
in the plot due to frictional forces is not present.
FIG. 2. Schematic drawing illustrating the deformation of a cantilever sub-
ject to high frictional forces. ~a! The cantilever is shown at the upper left for
the case of no load. The dashed line represents the trajectory of the laser for
the zero load case, and is included in all subsequent sketches. ~b! After
snapping into contact, the z displacement is increased. Normally, this would
cause an increase in the laser signal ~after the initial decrease due to the
snap-in!. However, large frictional forces cause bending at the end of the
lever in the opposing direction, and producing an apparent decrease in the
load. Friction is preventing the tip from sliding relative to the surface. ~c! As
the z displacement is further increased, the frictional force eventually
reaches its limiting value. The tip will begin to slide relative to the surface,
and the upward bending induced by the z displacement overtakes the ten-
dency to bend in the opposite direction induced by the frictional force, so
that now the apparent load begins to increase. Eventually the z displacement
reaches a maximum value. ~d! As the z displacement direction is reversed,
the frictional force will now resist motion in the opposite direction, so that
the bending it induces causes an apparent increase in the load. During this
phase, the tip is not sliding relative to the surface. ~e! Eventually the fric-
tional force reaches a limiting value and once again the tip begins to slide.
The apparent load will now decrease as the z displacement is decreased.
Stages ~d! and ~e! are clearly evident in Fig. 1~a!.
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the chemical composition of the lever and tip shaft. The mea-
surements showed the presence of both tungsten oxide and
carbide, which is not uncommon for such coatings. For con-
venience we will refer to these as ‘‘tungsten carbide’’ tips.
Two cantilevers with different spring constants of 88 and
3.1 N/m were used. The stiffer cantilever was used for con-
ductance and some friction measurements, while the other
was used for the higher resolution friction measurements.
The tips were treated in UHV prior to the measurements by
applying short voltage pulses and/or by rubbing them against
sacrificial areas of the surface. Normal cantilever force con-
stants were taken from the manufacturer, and the normal/
lateral force ratio was calculated using the method described
in Ref. 18. The absolute accuracy of the forces measured is
limited due to significant uncertainty in the material proper-
ties of the cantilever and approximations used in the force
constant calculations. However, relative changes in friction
and adhesion could be accurately determined using the same
cantilever probe during a series of measurements. A large
dynamic range, two-stage I – V converter was built, which
provided low current gain ~e.g., 104) for measurements of
the current flowing through the tip–sample junction while in
AFM-contact mode, and high gain ~e.g., 109) for tunneling
microscopy.
III. RESULTS AND DISCUSSION
A. Irreversible adhesion between clean interfaces
As mentioned above, the Pt~111! sample was cleaned by
sputtering and annealing, and its state checked by AES and
LEED to verify the chemistry and structure of the surface.
Because of the nanoscale dimensions of the tip apex, we
could not assess spectroscopically its chemical state in the
UHV chamber. However, we found that scanning at high
loads on sacrificial areas of the sample consistently produced
tips with highly adhesive properties and metallic conduc-
tance characteristics. The adhesion force for tips prepared in
this manner was large enough that even at the lowest load,
scanning was not possible without severe damage. These
contacts were characterized by means of force–displacement
curves, as in the example shown in Fig. 1~a!, where a pull-off
force of Lc512.061.2 mN was measured with the cantilever
of 88 N/m normal spring constant. Assuming, for simplicity,
an elastic adhesive contact, this force can be related to the
work of adhesion of the interface. Within the extremes of the
Johnson–Kendall–Roberts model for adhesive contacts,19
and the Derjaguin–Mu¨ller–Toporov model,20 we obtain an
‘‘effective’’ work of adhesion between 12 and 16 J/m2. For
this calculation, we used a value of 160620 nm for the tip
radius, which was measured experimentally by scanning
over sharp edges of a faceted SrTiO3(305) sample.21
This value of the interfacial work of adhesion is cer-
tainly an overestimation because we have neglected the con-
tribution to the work of adhesion by plastic deformation in
the junction. Nevertheless, the value is three orders of mag-
nitude higher than that found in previous UHV
measurements,6 such as 0.02 J/m2 between silicon nitride
tips and muscovite mica surface, or 0.4 J/m2 for a Pt tip on
mica.12 Note that the surface energy of most metals is in the
FIG. 3. Simultaneous friction ~a! and
point contact current ~b! images of a
Pt~111! surface acquired with a con-
ductive WC-coated Si cantilever of 88
N/m spring constant. Image size is
5003500 nm2. Regions with high and
low friction are clearly correlated to
regions of high and low local conduc-
tivity. ~c! Corresponding I – V spectra
acquired at the points of ‘‘clean’’ and
‘‘passivated’’ areas. The bias between
tip and sample was varied from
250 mV to 150 mV. High friction
regions are correlated with ohmic con-
ductance behavior, while the lower
friction regions exhibit non-ohmic
conductance, indicative of an insulat-
ing or semiconducting interlayer.
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range of 1 to 5 J/m2; that is, 2 to 10 J/m2 are required to split
an ideal crystal in half to create two new surfaces.22 Our
value of 16 J/m2 is beyond this range, consistent with the
notion that the work of adhesion is overestimated by assum-
ing an elastic contact. Nevertheless, the measurement indi-
cates that strong bonds of several eV per atom are formed
between the clean Pt~111! surface and the tungsten carbide
tip. These bonds are also much stronger than those between
silicon tips and clean Cu~111! reported by Bennewitz
et al.23,24
A consequence of the strong adhesion is the unusual
force–displacement plot observed when retracting the tip
from the sample @Fig. 1~a! and Fig. 2#. The recorded data
begins with the tip initially in contact, after being displaced
approximately 450 nm making contact. Because of the strong
bonding, the tip cannot slide over the surface and the canti-
lever is forced to adopt an S-shape like the one shown in Fig.
2~c!. As the sample is retracted and the lever reverts to its
normal bending shape @shown in Fig. 2~d!#, it produces an
apparent increase in the force initially. After passing through
a maximum @point A in Fig. 1~a!#, the force decreases as
expected. This effect is explained by the strong friction force
on a cantilever fixed at one end and with a tilted geometry
with respect to the plane of the sample (22.5° in this case!.
The slope of the force–displacement curve is inverted be-
cause static friction prevents the tip from sliding with respect
to the surface. Instead the tip is pivoting about the contact
point, and the slope of the end of the cantilever is increasing.
Eventually the tip pivots enough that the maximum static
friction force is reached and the tip can slide relative to the
surface. Stages ~d! and ~e! sketched in Fig. 2 are evident in
Fig. 1~a!.
B. Contacts between fully passivated interfaces:
friction and conductance measurements
As we have seen with clean tips and clean surfaces,
contact-mode measurements cannot be performed without
severely disrupting the contact region. To perform contact
experiments while avoiding strong modifications, the sur-
faces must be chemically passivated. This can be achieved
intentionally or unintentionally by the presence of adsorbate
layers. An interesting question is whether these layers must
be present on each or on only one of the surfaces for sub-
stantial passivation. The latter case implies that the layers are
attached strongly to one of the surfaces and interact only
weakly with the other, such that the contact can shear at this
weak interface. As we will show in this and the next section,
it is indeed possible to have both situations, which we shall
call passivation when layers of material are present on each
contacting surface, and half-passivation, when one of the two
surfaces remains clean, during and after friction scanning.
On the Pt surface, the most common contaminant after
annealing in UHV is carbon, as verified with AES. On the
WC tip, in addition to oxygen present as a tungsten oxide,
adventitious hydrocarbon or graphitic carbon can also accu-
FIG. 4. ~a! 2.532.5 nm2 lateral force
image obtained with a passivated tip
and a clean Pt~111! sample. Atomic-
lattice stick-slip friction is clearly ob-
served and provides proof that sliding
is taking place along a clean Pt sur-
face. ~b! Fast Fourier transform of the
data in ~a!, showing the periodicity
and symmetry of the Pt~111! surface.
~c! Line trace of the line indicated in
~a!, showing the clear stick-slip behav-
ior.
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mulate. Ex situ AES on the body of the cantilever did indeed
reveal the presence of O, C, and W as the only observable
constituents. We will first examine results where the Pt sur-
face is covered by a layer of C-contamination, the only im-
purity element detected in the Auger spectra. Force–
displacement data obtained with such passivated surfaces
show low adhesion values in the range of ;1 J/m2, depend-
ing on the spatial location of the tip over the surface, as
shown in the example of Fig. 1~b!.
Topography, friction, and point contact current ~corre-
sponding to contact conductance! were recorded simulta-
neously as the tip was scanned over the surface,25 as shown
in Fig. 3. The friction and conductivity maps exhibit a strong
correlation, with regions of high and low friction correspond-
ing to regions of high and low electrical conductivity, respec-
tively. We propose that high friction and high local conduc-
tivity are associated with ‘‘cleaner’’ interfaces, while low
friction and low local conductivity correspond to regions
covered with more interfacial adsorbates. The spatial distri-
bution of friction and conductance values remained consis-
tent throughout several images. This indicates that the tip
was not changing during the image acquisition, but rather,
different regions of the sample had different amounts of ad-
sorbates present.
Typical I – V characteristics obtained with contacts in ar-
eas with different degree of passivation are shown in the
graphs of Fig. 3~c!. Ohmic behavior curves ~straight lines!
were always observed in the regions exhibiting high friction,
while semiconductor-like behavior ~sigmoid shapes! were
observed in low friction areas. This observation can be un-
derstood on the basis of the poor conductivity of the con-
tamination layers present, which decreases as their quantity,
and thus passivation capacity, increases.
C. Contacts with half-passivated interfaces: Atomic
lattice resolution images
In contrast with the fully passivated interfaces, when the
Pt surface is clean, we could frequently observe stick-slip
behavior with the atomic-lattice periodicity of the Pt~111!
substrate, as shown in the image of Fig. 4~a! and the trace of
a friction line in Fig. 4~c!. The Fourier transform of the im-
age @Fig. 4~b!# shows more clearly the three-fold symmetry
with 0.27 nm periodicity, in agreement with the lattice con-
stant of Pt~111!. The image was acquired under zero exter-
nally applied load. The occurrence of stick-slip behavior was
always associated with the presence of low adhesion, low
friction, and low contact current, indicative of a chemically
inactive tip.
This result indicates that the passivating layers are on the
tip side of the interface, where they are bound strongly
enough to withstand the applied shear stresses without trans-
ferring to the Pt surface. An analysis of the energy balance
during friction is of interest here. Since the friction force is
approximately 190 nN, the energy dissipated after a displace-
ment of one unit cell (;3 Å) is about 350 eV. Given the tip
radius of 160 nm, and a total load of ;0.8 mN @see Fig. 1~b!#
a contact area of roughly 100 nm2 can be calculated contain-
FIG. 5. ~a! 1003100 nm2 STM image
of a highly stepped region of the
Pt~111! surface. The image was ac-
quired under the following tunneling
conditions: bias520.2 V; current
5200 pA. ~b! 10310 nm2 AFM fric-
tional force image acquired in contact
at the center of ~a!. ~c! Subsequent
STM image, acquired under the same
conditions as in ~a!, showing substan-
tial material deposition from the AFM
tip during the previous contact.
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ing approximately 1000 atoms. This corresponds to an aver-
age energy dissipated per atom of 0.3 eV. We would predict
that this energy is not enough to break the strong chemical
bonds of the Pt atoms, and indeed that is what we observe.
D. Tunneling experiments using the AFM tip
Clean surfaces, and the propensity of the tip to transfer
material to such surfaces, could be studied by taking advan-
tage of the conductive nature of the AFM tip. This allows us
to alternate between contact mode, and noncontact STM
mode. The only requirement for STM operation is that the
cantilever be sufficiently stiff to avoid the jump-to-contact
instability6,17 at very small spatial gaps, i.e., 0.7–1.0 nm
which is necessary for tunneling. We found that an 88 N/m
lever was sufficiently stiff to avoid such a jump-to-contact.
Figure 5~a! shows a 100 nm3100 nm STM image ac-
quired at a bias of 20.2 V and 200 pA current. It shows a
region of the Pt~111! with monoatomic steps separating ter-
races approximately 4 nm wide. Figure 5~b! shows a
10310 nm2 AFM contact friction force image at zero exter-
nally applied load acquired in the center of the previous im-
age. During contact imaging the bias was held at 0 V. The
dark area on the left corresponds to the stick region, with slip
occurring at approximately 1/3 of the scan range. After with-
drawing the tip from the contact, another STM image was
acquired, as shown in Fig. 5~c!, under identical tunneling
conditions as in 5~a!. It shows that material deposition took
place with the interfacial rupture occurring inside the tip ma-
terial.
Using the frictional force during a slip of several mN, the
energy dissipated during imaging can be estimated to be of
the order of 108 eV. The amount of material left on the sur-
face @Fig. 5~c!# occupies an area of roughly 2500 nm2. The
energy dissipated during friction is therefore sufficient to
break the junction, even if very strong (;5 eV) bonds need
to be broken.
IV. CONCLUSIONS
By using AFM and STM with the same conductive WC-
coated cantilevers, we were able to study the tribological and
electronic properties of nanocontacts and to correlate these
properties with the degree of passivation of the interface.
Contacts could be classified as clean, half-passivated, and
fully passivated, depending on whether none, one, or both of
the participating surfaces is covered with chemically inactive
layers. While it would be desirable to obtain detailed infor-
mation on the specific chemistry and structure of these con-
taminant species, no technique currently exists for obtaining
such information at a confined nanoscale interface. Rather,
we are restricted to rely on wide-scale AES measurements of
the surfaces. Based on these measurements, we propose that
the passivating materials for the WC tips consist mostly of
strongly bound O and C species. On the tip, they could be
removed by sliding contact under high load on the Pt sub-
strate. In the case of Pt, the contaminants were C species.
The clean Pt~111! surface could be imaged in STM mode
with cantilevers stiff enough to avoid the jump-to-contact
instability. When such a surface is brought into contact with
a clean tip, strong bonds are formed that cause rupture of the
contact in the bulk part of the tip and/or substrate upon sepa-
ration. Sliding is strongly impeded in this case and always
leads to severe cantilever deformations and distorted force–
displacement curves.
With passivated tips, low adhesion energy contacts
(;1 J/m2) are formed. The friction properties of such con-
tacts depend on whether additional adsorbate layers are also
present on the Pt surface. Passivated areas of the surface give
rise to low-friction and sigmoid-type I – V characteristics,
typical of poorly conductive or semiconducting materials.
Clean Pt areas produce ohmic contact characteristics.
Clean Pt can be imaged in contact mode with passivated
tips and gives rise to atomic lattice stick-slip friction with the
Pt~111! lattice periodicity. Thus, chemically active metal sur-
face has been imaged in UHV in contact revealing stick-slip
with atomic lattice periodicity, and indicates that the passi-
vating layer on the WC tip is bound strongly enough to the
tip that material is not transferred to the active Pt even in
conditions where substantial energy dissipation takes place
during friction.
The results indicate that even in ultrahigh vacuum con-
ditions, transfer of low-conductivity, passivating material can
easily occur in nanoscale contacts. The presence of these
species substantially effects friction and adhesion. These re-
sults are relevant to the understanding of transfer film forma-
tion and its influence on the structural evolution and tribol-
ogy of interfaces, whose inelastic properties are only
beginning to be probed and understood at the nanometer
scale.
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